Various aspects of in situ formation of Al 2 O 3 -SiC composites by the self-propagating high-temperature synthesis (SHS) technique have been investigated using thermal analyses (TG/ DTA) of a powder mixture (4Al, 3SiO 2 , 3C) and pellets in an argon atmosphere at different heating rates. Both the reaction initiation and peak temperatures are found to increase with the heating rates. At lower heating rates, the powder samples do not reveal any exothermic peak possibly because of poor reactivity and sluggish exothermic reaction. The appearance of exothermic peaks in the DTA plots after melting of aluminum indicates reduction of silica by liquid aluminum. Conversion of aluminum is found to decrease marginally with an increase in heating rates. The apparent activation energy of the process compares well with the interdiffusion activation energy of silicon and oxygen, indicating that oxygen diffusion in Si formed at the reaction front may be the rate-controlling factor for this SHS process. From SEM studies it appears that the formation of SiC whiskers is through liquid-phase mass transfer.
I. Introduction
A LUMINA-BASED ceramic-matrix composites have shown promise as advanced materials for high-temperature applications because of their excellent refractoriness, low susceptibility to oxidation, and good mechanical properties at elevated temperatures. [1] [2] [3] [4] Besides the conventional powder metallurgical route, synthesis of these composites by in situ fabrication methods is gaining momentum due to certain inherent advantages. In situ fabrication techniques eliminate the problems of using fine ceramics, particularly whiskers, and the chances of segregation of the constituents are relatively low compared with mechanical mixing methods. There are also fewer processing steps in this route. Several techniques for the synthesis of in situ composites have been reported in the literature. [5] [6] [7] [8] A new combustion synthesis technique for the fabrication of Al 2 O 3 -SiC w in situ composite using a rapid-heating selfpropagating high-temperature synthesis (RH-SHS) has recently been reported by the authors. 8, 9 During synthesis of composites through the SHS technique, heating rates may have a significant influence on the reaction initiation temperature (T i ), the mechanism of the combustion reaction, as well as the quality of the products. 10 -12 The synthesis of Ti-Al intermetallic compounds by the SHS route has shown that the mechanism of the reaction changes from solid-liquid interaction to solid-solid interaction with an increase in the heating rates. 12 It has also been reported that an increase in the heating rates improves the density of the SHS product. 11 The RH-SHS technique has shown the feasibility of fabrication of Al 2 O 3 -SiC in situ composites, 8, 9 but several aspects, which include heating rates, green density, composition, etc., have not yet been investigated. In this paper, an attempt has been made to investigate the influence of heating rates on the synthesis of Al 2 O 3 -SiC composites.
II. Experimental Procedure
Stoichiometric amounts of silica (SiO 2 ) (99% pure), aluminum (99% pure), and carbon (graphite, 98% pure) powders in 4:3:1 molar ratio were taken in a stainless steel container and milled for 6 h. Approximately 6 g of milled powder mixture was pressed to 2.5 cm diameter pellets at a pressure of Ϸ100 MPa. Approximately 1 wt% of poly(vinyl alcohol) (PVA) was added as a binder during pelletization. The green pellets were dried at 150°C for 3 h to remove the moisture.
Simultaneous differential thermal analyses (DTA) and thermogravimetric analyses (TGA) of the powder mixture and the pellets were conducted in a Seiko TG/DTA apparatus (Model No. 320). The average particle size of the powder sample was 30 m and the green densities of the pellets were found to be 60% of the theoretical density. Before the thermal analysis experiments, the sample chamber was flushed with pure argon gas (O 2 ϳ 2 ppm) and the investigations were conducted under continuous flow of argon gas at a rate of 50 mL/min. The samples were heated from the ambient temperature to 1200°C at several heating rates ranging between 5 and 100°C/min. On attainment of the desired temperatures the samples were cooled down to room temperature. The experimental conditions used for this study are summarized in Table I . The reaction initiation temperature (T i ) was measured from the DTA plots using the three-point method. The time interval between T i and the exothermic peak temperature, T p , was noted. In one of the experiments, the pellet was heated at a rate of 400°C/min from ambient temperature to 1450°C and soaked for 10 min in a graphite furnace. Then the pellet was furnace cooled and characterized.
The samples were characterized by XRD, SEM, and energydispersive X-ray spectroscopy (EDS). XRD analyses of the samples were conducted at different stages of processing. Fractured surfaces of the samples were studied with a JEOL-840A SEM system equipped with a Kevex EDS system.
III. Results and Discussion
In the combustion synthesis technique, the self-sustainability of the exothermic reaction and the propagation of a combustion wave front mostly depend on the enthalpy change associated with the reaction and the rate of energy dissipation from the system. 13, 14 The adiabatic temperature, T ad , indicates that the maximum temperature attained by the products under adiabatic conditions is an important SHS parameter. It has been reported that a value T ad above 1800 K is required for the self-sustainability of the exothermic reaction. 14, 15 It is also well known that most of the exothermic 
was calculated to be 2375 K based on the thermodynamic data from a recent compilation. 16 The high value of the adiabatic temperature of the reacting system under consideration suggests the possibility of self-sustenance of the reaction propagation and simultaneous sintering of the SHS products.
(1) Thermal Analysis (A) Powder System: DTA plots for the stoichiometric powder mixture of Al ϩ SiO 2 ϩ C (in 4:3:1 molar ratio) heated at various rates of 10, 40 and 100°C/min are shown in Fig. 1(a) . A small endothermic peak appears at 572°C followed by a major endothermic peak at 660°C ( Fig. 1(a) ). The first endothermic peak is due to the transformation of SiO 2 from ␣-to ␤-phase and the second one represents the melting of aluminum. Except for these two peaks, no other peak could be noticed in the thermogram of sample P 1 (heating rate ϭ 10°C/min) in the temperature range of observation. However, for powder sample P 3 heated at a rate of 100°C/min, two additional exothermic peaks at Ϸ890°C and at Ϸ1100°C are observed. These exothermic peaks are likely to be due to the formation of aluminum oxide and SiC, respectively ( Fig.  1(c) ). The absence of an exothermic peak for sample P 1 can possibly be attributed to the poor contact between the reacting components in the powdered samples. The segregation of liquid Al during slow heating might have also hindered the combustion reaction. In the case of sample P 3 ( Fig. 1(c) ), even though the contact is poor, a higher rate of heat input appears to catalyze the exothermic reactions at localized zones, resulting in exothermic peaks in the thermograms.
(B) Pellets: A representative DTA plot for pellet sample C 2 heated at a rate of 10°C/min is shown in Fig. 2 . Similar to the powder samples, two endothermic peaks are observed to initiate at 572°and 660°C in the DTA thermograms. Besides these endothermic peaks, exothermic peaks are also observed in the thermograms for all of the heating rates. The appearance of prominent exothermic peaks above 720°C in the pellets is due to better contact between the reactant constituents. The shift of the exothermic peaks toward higher temperature sides for samples C 1 , C 3 , and C 6 are shown in Fig. 3 , which indicates that both the reaction initiation temperature (T i ) and the peak temperature (T p ) increase with an increase in the heating rates.
The exothermic peaks occurring just after the melting of aluminum appear to be a superimposition of three exothermic reactions. These overlapped peaks become more distinguishable at higher heating rates. TG/DTA plots of pellet C 7 with three deconvoluted (using Gaussian fitting) DTA peaks are shown in Fig. 4 . The first exothermic peak is due to the aluminothermic reduction of silica, i.e., 4Al ϩ 3SiO 2 ϭ 2Al 2 O 3 ϩ 3Si (2) and the second peak is due to the reaction of Si and C forming SiC i.e.,
The third exothermic peak may be due to the oxidation of Al, Si, or SiC by the traces of oxygen present in argon. The weight gain of the sample as observed from the TG plot (Fig. 4 ) and the peak of the differential thermogravimetry (DTG) plot (not shown in the figure) strongly suggest an oxidation phenomenon. The variations of T i and T p with heating rates for the aluminothermic reduction of silica are shown in Fig. 5 . The reaction initiation temperature at a low heating rate, i.e., 5°C/min, is observed to be 723°C, which matches well with the reported value of 715°-720°C in the literature. 7 The variation of the second exothermic peak temperature, T p(SiC) , for SiC formation as a function of heating rate is also shown in Fig. 5 . It can also be observed that T p(SiC) increases continuously with an increase of heating rates and the lowest peak temperature for SiC formation is noted to be 867°C for pellet sample C 2 . The formation of SiC well below the reported value of the ignition temperature (1425°C) 17 is possibly due to the localized attenuation of high temperature.
As mentioned, the aluminothermic reduction of SiO 2 is observed to be initiated at temperatures Ն723°C, higher than the melting point of aluminum (660.4°C). Poor wettability of liquid Al on SiO 2 may be one of the reasons for the higher reaction initiation temperature. Yi et al. 12 have reported that the liquid wetting mechanism operating in the SHS of the Ti-Al system is caused in lowering the reaction initiation temperature with the increase of the heating rate. However, the present investigation does not follow the findings of Yi et al., possibly because of poor wettability. During the cooling cycle of the pellets after attainment of 1200°C, a minor exothermic peak could be observed at 545°C. The exothermic peak is due to solidification of unreacted aluminum at undercooled temperature. The ratio of the area of the endothermic peak in the heating cycle and the exothermic peak of the cooling cycle can be used to derive information on the amount of unreacted aluminum in the process.
Thermogravimetric analyses of the pellets show that there is around 1.1% to 1.4% increase in weight of the samples during heating. This increase can be attributed primarily to the oxidation of either Al, Si, or SiC by the traces of oxygen (ϳ2 ppm) present in Ar. It is also observed that practically no weight gain can be noted up to 661°C, i.e., the melting point of aluminum. The weight gain is also found to be independent of the heating rates.
(2) Kinetic Analysis
Assuming that no appreciable change in the weight of the sample occurs during cooling and that the melting and freezing occur within a close temperature range, the heat equation can be expressed as
where m 1 and m 2 are the weight of the initial and unreacted aluminum, respectively, Q 1 and Q 2 are the total heat absorbed and evolved for aluminum melting and solidification, respectively, and L is the latent heat of fusion of Al per unit weight. From Eqs. (4) and (5), it can be deduced that
assuming the machine constant (proportionality constant) and the mass of the system to be identical for the heating and cooling cycles. Here, A 1 and A 2 are the areas of the peaks for melting and solidification of aluminum, respectively. The fraction of aluminum reacted f can be expressed as Using Eq. (7), the fractions of aluminum reacted as a function of heating rates were calculated and are presented in Table II . It is apparent from the table that aluminum conversion to alumina has a marginal negative dependence over the heating rates. This observation can be explained in the light of the kinetics of reaction. A higher heating rate, although it increases the rate of heat input, decreases the time available for reaction. Transport of reactants, wetting, and chemical reaction all being time-dependent phenomena, scarcity of time is thus expected to lower the conversion of aluminum.
Table II also incorporates the time lapse between the initiation of the major exothermic reaction and attainment of peak temperature. This time is considered to be the effective time for exothermic reaction, assuming no significant conversion of reactants beyond T p . It has been noticed that the reaction time decreases with an increase in heating rates. At high heating rates, the number of reacting molecules acquiring energy to overcome the activation energy barrier per unit time increases, resulting in a lowering of the reaction time.
The most extensively used expression for determination of the apparent activation energy of reaction in DTA is proposed by Kissinger and can be expressed as
where ␤ is the heating rate, T p is the peak temperature in kelvins, E is the activation energy, k is the preexponential factor, and R is the gas constant. A plot of ln (␤/T p 2 ) as a function of the inverse of peak temperature (1/T p ) for the aluminothermic reduction of silica is presented in Fig. 6(a) . The apparent activation energy for the aluminothermic reduction process is calculated from the slope of this linear plot and has been found to be 240 Ϯ 5 kJ/mol. The estimated apparent activation energy is observed to match extremely well with the interdiffusion activation energy of Si and oxygen (241.7 kJ/mol). 19 This suggests that reduction of silica by liquid aluminum in the present investigation is possibly controlled by the diffusion of oxygen through Si formed at the reaction interface.
A Kissinger plot for the estimation of activation energy for the process of silicon carbide formation is shown in Fig. 6(b) , and the apparent activation energy has been calculated to be 255 Ϯ 7.5 kJ/mol. This activation energy is much higher than the reported interdiffusion activation energy of Si and C, i.e., 12.98 kJ/mol. 20 The effect of heating rates on the SHS fabrication of TiC-Al 2 O 3 from a TiO 2 -Al-C mixture has shown that the SHS reaction is controlled by the diffusion of carbon through solid TiC. 21 Similarly, the present SHS reaction involving the formation of SiC may be controlled by carbon diffusion through SiC as well. The formation of SiC has also been reported to be controlled by the formation of carbon-ion vacancies across the SiC layer. 22 The self-diffusion of carbon in polycrystalline ␤-SiC has been studied by Hon et al. 23 and they report values of 841 Ϯ 13.5 and 563 Ϯ 8.7 kJ/mol for lattice and grain boundary diffusion, respectively. The activation energy for the self-diffusion of Si in ␤-SiC is also estimated to be 912 Ϯ 4.8 kJ/mol. 24 This indicates that the diffusion of neither Si nor C through solid SiC is the ratecontrolling factor in the present system. The activation energy of 240 Ϯ 5 kJ/mol for the first exothermic peak is close to the second activation energy, indicating that the process of silicon carbide formation is controlled by the liberation of Si in the aluminothermic reduction process. However, the contribution of chemical reaction between Si and C in controlling the overall reaction cannot be ruled out.
(3) X-ray and Microstructural Study
The XRD pattern of powder sample P 1 shows no evidence for the formation of Al 2 O 3 , Si, or SiC in the product, indicating the absence of any reaction during heat treatment. This is consistent with the thermoanalytical observations mentioned earlier. However, formation of Al 2 O 3 , Si, and SiC was detected in powder sample P 3 , which was subjected to a higher heating rate (100°C/ min). XRD analyses of the pellets show that unreacted SiO 2 , as well as Al, is also present along with the reaction products (Al 2 O 3 and SiC) after the SHS reaction, which supplements TG/DTA observations. Further, the presence of metallic Si in the product confirms that the reduction of SiO 2 has taken place by the aluminothermic route. From qualitative analyses using the peak intensities of the X-ray diffractograms, it appears that the amount of aluminum reacted during SHS decreases with an increase in the heating rates, as has been suggested earlier from the thermoanalytical studies. The relative intensity ratios also show a higher amount of SiC phase formation with an increase in the heating rates (Table III) . Figure 7 shows scanning electron microscopic images of samples C 7 and C 8 . From the SEM images (Figs. 7(a) and (b) ), it may be noted that formation of SiC whiskers is restricted to a relatively localized zone toward a particular surface instead of being distributed throughout the matrix. Similar observations have also been made for all of the pellet samples (C 2 through C 7 ). To identify the surface where whisker growth was favored, several TG/DTA supplementary experiments on pellets with marked surfaces were conducted at a heating rate of 20°C/min. It was identified that the surface touching the alumina crucible promotes whisker growth, whereas the other surfaces were free of any whiskers. The top and side surfaces of the samples being exposed to the flowing gas are cooled by convection and radiation, whereas the bottom surface undergoes cooling only by conduction, and consequently, the heat transfer is expected to be much slower. The slow rate of heat transfer from the bottom surface of the pellets will enable the surface to remain at a relatively higher temperature for a longer period and that has possibly promoted the growth of SiC whiskers. SEM images of sample C 8 heated at 400°C/min from room temperature to 1450°C and soaked for 10 min showed the formation of SiC whiskers throughout the sample and the quantity of whiskers was also found to be more (Fig. 7(c) ). The formation of whiskers is known to be by either a vapor-phase or liquid-phase mass transfer process. The vapor-phase growth process is invariably associated with loss of mass and should have been reflected in the thermoanalytical studies. The absence of any significant mass loss during processing emphasizes the formation of SiC whiskers by the liquid-phase mass transfer process in the present investigation. The growth behavior of SiC whiskers in sample C 8 as observed in Fig. 7(c) suggests the above mechanism to be operative. The growth of whiskers also depends on the time. The absence of liquid Si for a sufficient length of time in the exposed surfaces of the pellets studied in TG/DTA has led to the formation of SiC particulates through the solid-state diffusion process, whereas the retention of liquid Si for longer periods of time in the bottom surfaces of pellets has helped in the formation of SiC whiskers.
IV. Conclusions
A systematic study on the effect of heating rates on the SHS formation of Al 2 O 3 -SiC composites has been conducted. The powder mixture does not undergo any exothermic reaction at lower heating rates possibly because of poor contact between the reactants and segregation of liquid Al. The heating rates have shown a pronounced effect on both the reaction initiation temperature (T i ) and the peak temperature (T p ). Further, both T i and T p are found to increase with an increase in the heating rates. The reduction of silica is found to take place by the aluminothermic route and the exothermic reduction reaction is initiated only after melting of aluminum, suggesting reaction between solid silica and liquid aluminum. Three exothermic peaks due to aluminothermic reduction of silica, formation of SiC from the reaction of Si and C, and oxidation of Al, Si, or SiC have been observed. The conversion of aluminum marginally decreases with a gradual increase in the heating rates. The apparent activation energies for the aluminothermic reduction of silica and the formation of silicon carbide are estimated to be 240 Ϯ 5 and 255 Ϯ 7.5 kJ/mol, respectively. This indicates that possibly the diffusion of oxygen in the reaction interface is the rate-controlling factor for this present SHS process. The SEM results suggest that the formation of whiskers is possibly due to the liquid-phase mass transfer process. 
